INTrOduCTION
Several cytokines, hormones and small signalling molecules regulate functioning of immunological cells. Adenosine is an endogenous nucleoside exerting potent immunomodulatory action. Under in vitro conditions adenosine has the ability to alter events such as lymphocyte activation, proliferation, cytokine production, and lymphocyte-mediated cytolysis (Hasko & Cronstein, 2004; Hershfield, 2005; Gessi et al., 2007; Hasko et al., 2008) . These adenosine actions result from ligation of cell surface adenosine receptors (ARs) and subsequent activation of downstream intracellular pathways. Individual ARs show different affinities for adenosine (Fredholm et al., 2001) ; therefore, the cellular response to this nucleoside depends on its concentration. Relatively constant local concentrations of adenosine are maintained by its metabolism and transport. However, under stress conditions, such as enhanced oxygen supply or inflammation (Sperlagh et al., 2000; Martin et al., 2000) , increased amounts of adenosine are formed, resulting in an elevation of its local concentration. Our previous work has documented an increased concentration of adenosine in several tissues of diabetic rats (Pawelczyk et al., 2003a) . Moreover, we have shown that expression levels of nucleoside transporters and adenosine transport were significantly altered in some tissues of diabetic rats, including lymphocytes (Sakowicz et al., 2004; 2005) . We also reported that the expression level of adenosine kinase (AK) was greatly reduced in diabetic T lymphocytes, suggesting that the AMP-adenosine metabolic cycle might be impaired under diabetic conditions (Pawelczyk et al., 2003b) . These observations indicate that under diabetic conditions adenosine homeostasis is disturbed, which in turn may be related to impaired function of immune cells. To date, there is no data on insulin and glucose effects on adenosine-metabolizing enzymes in human lymphocytes. In this report, we present evidence indicating that glucose and insulin affect the activities of adenosine-metabolizing enzymes in human B lymphocytes, but in a different way as that observed in T cells. Cells and culture conditions. Human B and T lymphocytes were separated from peripheral blood using Dynabeads coated with specific monoclonal antibodies according to manufacturer's protocol. The SKW 6.4 cell line was kindly provided by Dr. Peter H. Krammer from the German Cancer Research Centre in Heidelberg (Germany). This cell line is a human IL-6-dependent, IgM-secreting B-cell line developed by transformation of B lymphocytes with Epstein-Barr virus. Cells were maintained under standard conditions (5% CO 2 /95% air, 98% humidity, 37 o C) in RPMI-1640 medium, supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), and 10% FBS. Cells were cultured in flat-bottomed culture bottles (Sarstedt) and when necessary were split to maintain a density of about 5 × 10 5 cells/ml. The experiments were performed on quiescent cells cultured for 48 h in a medium containing 1% FBS. Under such conditions cells do not proliferate and stay viable for at least 5 days. The impact of defined glucose and insulin concentrations (detailed in figure legends) on cellular metabolizm was assessed after 48 h. The number of viable cells was determined by Trypan Blue dye exclusion. Only cell cultures with a 95% or greater viability were used.
MATErIAlS ANd METhOdS

reagents
Measurement of enzyme activities. Cells (about 4 × 10 7 ) were suspended in 0.5 ml of 50 mM Tris/HCl, pH 7.2, containing 0.2 mM Pefabloc SC and 5 µM leupeptin, and sonicated (2 × 10 s). Resulting cell extract was centrifuged at 50 000 × g for 45 min, and supernatant was stored at -20 o C as the cytosolic fraction. The sediment from the 50 000 × g centrifugation was washed twice by suspension in homogenization buffer. The pellet was finally suspended in homogenization buffer containing 0.2% Triton X-100, and homogenized. The resulting homogenate was used as a membrane fraction. The activities of 5'-nucleotidase (5'-NT) and adenosine deaminase (ADA) in cytosolic fraction were measured spectrophotometrically with 100 µM AMP as substrate (Pawelczyk et al., 1992) . The activity of adenosine kinase (AK) was assayed by the radiochemical method with 1 µM [2,8-3 H]adenosine 1-2 µCi nmol -1 ) as substrate (Pawelczyk et al., 1992) . The activities of 5'-ectonucleotidase (ecto-5'-NT) and ADA in membrane fraction were assayed by radiochemical method with 100 µM [2,8-3 H]AMP (0.5-1 µCi nmol -1 ). Transferring an aliquot of reaction mixture to 0.4 M perchloric acid terminated the reaction. The obtained perchloric acid extracts were neutralized and the reaction products were separated on TLC silica gel plates. For separation of nucleotides the plate was developed in 1,4-dioxane/25% ammonia/water (6:1:3.8, by vol.). Separation of purine nucleosides was performed on the plate developed in butan-1-ol/methanol/ethyl acetate/ammonia (7:3:4:4, by vol.). The purine compounds were localized under UV, the spots were cut out and the radioactivity was counted. All enzyme assays were done at 25 o C under conditions where the product formation was linear with time and with the amount of protein added, with no more than 20% of the substrate consumed.
radiolabeling of cellular ATP. To evaluate the adenosine release during ATP catabolism, cells were first incubated for 1 h with 10 µCi [8-14 C]adenine (45 mCi mmol -1 ) to label intracellular ATP. After incubation for 1 h, the cells were washed with glucose-free RPMI-1640 medium. Examination of radiolabeled cell extracts by TLC (as described above) showed that about 75% of the cellular acidsoluble radioactivity was incorporated in ATP, ADP, and AMP (not shown). There were no significant differences in the levels of radioactivity incorporated into individual purine nucleotides irrespective of insulin and glucose concentrations.
ATP depletion. Depletion of ATP was achieved by utilizing a well-established in vitro model of metabolic stress  Insulin, glucose and B-cell adenosine metabolism Podgorska et al., 2006) . In brief, the cells were exposed to glucose-free RPMI-1640 medium containing 10 mM 2-deoxyglucose (an inhibitor of glycolysis) and incubated at 37 o C in a humidified atmosphere containing 5% CO 2 . At predetermined time points (indicated in the figures), an aliquot (100 µl) of cell suspension was withdrawn for determination of purine compounds. Cell viability was quantified over time using Trypan Blue. There was no loss of cell viability over the first hour of incubation.
Measurement of ATP catabolism and adenosine release. ATP was measured using a luciferasebased bioluminescent ATP assay kit (Sigma-Aldrich) as described previously (Podgorska et al., 2006) . The ATP levels were expressed in nmol (mg cellular protein) -1 . The levels of purine nucleosides and nucleotides in culture media were determined as follows. An aliquot (50 µl) of cell suspension was withdrawn and placed on top of silicone fluid and immediately centrifuged . The resulting aqueous layer (top) was extracted with 0.4 M perchloric acid, neutralize and purine compound were separated by TLC as described above.
Statistical analysis. Statistical analysis was performed with ANOVA or Dunnett's test for comparison with control group. Paired Student's t-test was performed when two groups were analyzed. P values below 0.05 were considered as significant.
rESulTS
Activities of adenosine-metabolizing enzymes as a function of glucose and insulin concentration
The activity of adenosine deaminase (ADA) in the cytosolic fraction of SKW 6.4 cells was very low. In cells cultured with 25 mM glucose small decrease of cytosolic ADA activity could be observed comparing to cells cultured with 5 mM glucose, but it was not statistically significant (Fig. 1A) . Rising the glucose level from 5 mM to 25 mM resulted in an about 35% decrease of ADA activity associated with plasma membranes regardless of insulin concentration (Fig. 1B) . Our measurements showed that the activities of 5'-nucleotidase (5'-NT) and ecto-5'-NT in SKW 6.4 cells depended on insulin concentration, but not on that of glucose (Fig. 2) . Cells cultured with 10 -8 M insulin displayed an about 60% lower activity of cytosolic 5'-NT comparing to cells maintained at 10 -11 M insulin, irrespective of glucose concentration ( Fig. 2A) . The activity of ecto-5'-NT was decreased by about 70% in cells cultured with 5 mM glucose and 10 -8 M insulin comparing to cells grown at 5 mM glucose and 10 -11 M insulin (Fig. 2B) . The effect of insulin concentration on the activity of ecto-5'-NT was significantly weaker in cells cultured at high glucose. An increase of insulin concentration from 10 -11 M to 10 -8 M resulted in a decrease of ecto-5'-NT activity by about 45% in cells cultured with 25 mM glucose. Neither insulin nor glucose had an effect on adenosine kinase (AK) activity in the human SKW 6.4 cells (Table 1) . Our previous work has documented that insulin up-regulates AK expression in rat T lymphocytes (Pawelczyk et al., 2003b; 2005; Sakowicz-Burkiewicz et al., 2006) . The lack of insulin effect on AK activity in SKW 6.4 cells could be a specific feature of Epstein-Barr-transformed cells or could result from differences in the regulatory mechanisms functioning in B and T lymphocytes. A possible involvement of species difference should also be considered. The effect of insulin on AK ex- Cells were cultured for 2 days in medium containing glucose at concentrations as indicated. Ins., refers to insulin concentration of 10 -8 M. The insulin concentration in conditions described as (5 mM Glc) or (25 mM Glc) was ≤ 10 -11 M. On third day cells were harvested and ADA activity in cytosolic (A) and membrane (B) fractions was determined as described in Materials and Methods. Data represent mean from at least four independent experiments. *P < 0.05. pression and activity has not been investigated in rat B lymphocytes or human T and B lymphocytes to date. Our present experiments demonstrated that the AK activity was not affected in human peripheral B cells or in rat B lymphocytes, whereas both in human and rat T lymphocytes insulin stimulated in a dose-dependent manner the AK activity (Table 1) .
Effect of glucose and insulin on extracellular level of purine nucleosides under altered cellular level of ATP
Induction of ATP catabolism by 2-deoxyglucose in the absence of glucose resulted in a rapid and profound decrease of intracellular ATP level to about 7% of control within 30 min. There were no differences in the rate of ATP decline irrespective of glucose and insulin concentrations in the cell culture medium (Fig. 3) . The intracellular level of purine nucleosides and bases increased transiently during Cells were cultured for 2 days in medium containing glucose at concentrations as indicated. Ins., refers to insulin concentration of 10 -8 M. Insulin concentration in conditions described as (5 mM Glc) or (25 mM Glc) was ≤ 10 -11 M. On third day cells were harvested and 5'-NT activity in cytosolic (A) and ecto-5'-NT activity in membrane (B) fractions was determined as described in Materials and Methods. Data represent mean from at least five independent experiments. *P < 0.05. Ti me (min) Figure 3 . level of ATP in SKW 6.4 cells exposed to glycolytic inhibitor 2-deoxyglucose. Cells were cultured for 2 days in medium containing glucose and insulin at concentrations as indicated. Ins., refers to insulin concentration of 10 -8 M. Insulin concentration in conditions described as (5 mM Glc) or (25 mM Glc) was ≤ 10 -11 M. On third day cells were labeled with [8-14 C]adenine, washed, suspended in glucose-free RPMI medium and ATP depletion was induced by addition of 2-deoxyglucose (10 mM). Data represent mean ± S.D. from four independent experiments. *P < 0.05.
Table 1. Adenosine kinase (AK) activity in human and rat lymphocytes incubated in the presence of various glucose and insulin concentrations.
Lymphocytes were cultured for 2 days in medium containing glucose and insulin at concentrations as indicated. On third day cells were harvested and AK activity was determined in cytosolic fractions as described in Materials and Methods. Data represent mean ± S.D. from three independent experiments. *P < 0. Insulin, glucose and B-cell adenosine metabolism the first 10 min of incubation with 2-deoxyglucose. There were no differences in the rate of changes in the intracellular levels of adenosine, inosine and hypoxanthine between cells cultured at different insulin and glucose concentrations (Fig. 4) . The decrease in cellular ATP level was accompanied by increased adenosine, inosine and hypoxanthine concentrations in the medium. The extracellular concentration of adenosine varied depending on glucose concentration. The level of adenosine was significantly higher in the medium of cells cultured with low glucose (5 mM) than in the medium of cells maintained at 25 mM glucose (Fig. 5) . A similar association between glucose concentration in the cell culture media and inosine level was observed. Moreover, the rate of the increase of adenosine and inosine levels was significantly higher in cell culture media containing low glucose. Insulin had no effect on adenosine and inosine level in media of SKW 6.4 cells cultured with 2-deoxyglucose. However, the hypoxanthine level did depend on insulin but not on glucose level in the medium. Cells cultured in the presence of 10 -8 M insulin released more hypoxanthine comparing to cells grown with 10 -11 M insulin, irrespective of glucose concentration (Fig. 5) . Moreover, the rate of hypoxanthine release was higher for cells cultured with 10 -8 M insulin than in those grown with 10 -11 M insulin. In order to evaluate the impact of ADA activity on nucleoside levels the cells, prior to induction of ATP catabolism with 2-deoxyglucose were preincubated with 20 µM 2'-deoxycoformycin. Inhibition of ADA activity resulted in an increase of adenosine and a decrease of inosine and hypoxanthine levels in the medium. However, the changes in adenosine and inosine levels were not statistically significant except for cells cultured with 5 mM glucose and 10 -8 M insulin ( Table 2 ). The level of hypoxanthine in the medium decreased significantly for cells cultured in the presence of 10 -8 M insulin, irrespective of glucose concentration.
dISCuSSION
The data presented here indicate that glucose and insulin differentially affect the activity of adenosine deaminase and 5'-nucleotidase in SKW 6.4 lymphocytes but has no effect on adenosine kinase activity. Previously we reported that rat T lymphocytes cultured in the low insulin (≤ 10 -11 M, presented in FBS) displayed a about 70% lower AK activity than in those grown in medium supplemented with insulin to reach the concentration of 10 -8 M insulin . Similar insulin effect on AK activity was observed in T lymphocytes isolated from human blood. No such relationship between insulin concentration and AK activity was observed in rat or in human B cells. These observations indicate that the effect of insulin on AK activity is a celltype-specific and is not related to species.
The levels of nucleotides in the cell under metabolic stress depend not only on their de novo synthesis but also on salvage reactions, which consume less energy. The phosphorylation of adenosine to AMP catalyzed by AK is one such reaction. Our results presented in this report indicate that the 2-deoxyglucose-induced fall in ATP level proceeded at a similar rate in B cells regardless of glucose and insulin concentration in the culture media. This is different than in rat T lymphocytes exposed to 2-deoxyglucose, which under high glucose concentration displayed a much faster decline in ATP level comparing to cells cultured with 5 mM glucose . We observed that under metabolic stress conditions B cells cultured in high concentration of glucose released less adenosine comparing to cells cultured at low glucose, regardless of insulin concentration. Different changes in adenosine level were observed in rat T cells, which during acceler- Cells were cultured for 2 days in medium containing glucose and insulin at concentrations as indicated. Ins., refers to insulin concentration of 10 -8 M. Insulin concentration in conditions described as (5 mM Glc) or (25 mM Glc) was ≤ 10 -11 M. On third day cells were labeled with [8-14 C]adenine, washed, suspended in glucose-free RPMI medium and ATP depletion was induced by addition of 2-deoxyglucose (10 mM). To control cells equal volume of water was added. At indicated times, 200 µl of culture medium was withdrawn and the level of radioactivity in adenosine, inosine, and hypoxanthine was analyzed by TLC as described in Material and Methods. Data represent mean ± S.D. from four independent experiments. *P < 0.05. Table 2 . Effect of 2-deoxycoformycin on adenosine, inosine and hypoxanthine levels in culture medium of SKW 6.4 cells exposed to 2-deoxyglucose.
Lymphocytes were cultured for 2 days in medium containing glucose and insulin at concentrations as indicated. On third day cells were labeled with [8-14 C]adenine, washed, suspended in glucose-free RPMI medium containing 50 µM 2-deoxycoformycin (+DCF) or not (-DCF) and after 10 min ATP depletion was induced by addition of 2-deoxyglucose (10 mM). Thirty minutes after 2-deoxyglucose addition, 200 µl of culture medium was withdrawn and the level of radioactivity in adenosine, inosine, and hypoxanthine was analyzed by TLC as described in "Material and Methods". Data represent mean ± S.D. from four independent experiments. *P < 0.05 versus (-DCF). the other hand, the activity of the adenosine-producing enzyme 5'-NT decreased in the cytoplasm and in plasma membranes of cells cultured in the presence of 10 -8 M insulin. These changes in the activity of 5'-NT did not correlate with adenosine levels in cell culture media. We observed that adenosine level was significantly higher in media of cells cultured at low glucose comparing to cells cultured at high glucose regardless of insulin concentration. These observations might indicate that the extracellular level of adenosine in B cells during accelerated ATP catabolism depends mainly on its transport, and is not related to activities of adenosine metabolizing enzymes.
Studies performed on B cell lines and isolated rat spleen B lymphocytes indicate that these cells express both the concentrative (CNT2), and the equilibrative (ENT1, ENT2) nucleoside transporters (Pastor-Anglada et al., 2001; Sakowicz et al., 2005) . Our previous work documented that in rat B and T cells the expression level of ENT1 is significantly suppressed by high glucose, whereas expression of ENT2 and CNT2 transporters is regulated by insulin and is not affected by glucose level (Sakowicz et al., 2004; 2005) . Therefore, the relatively low level of adenosine and inosine in media of cells cultured in the presence of 25 mM glucose could be the result of decreased equilibrative transport facilitated by ENT1. This transporter's activity contributes about 80% of overall adenosine transport in rat B and T cells. The hypoxanthine level was significantly higher in media of cells cultured in the presence of 10 -8 M insulin regardless of glucose concentration. The only nucleoside carrier capable of transporting hypoxanthine is ENT2 (Baldwin et al., 1999; Podgorska et al., 2005) , whose expression level is very low in B cells cultured in the low insulin. Previously we have shown that an increase in insulin concentration results in increased ENT2 expression .
Concluding, the results of our study demonstrate that glucose and insulin differentially affect the adenosine-metabolizing enzymes activities in human B cell line SKW 6.4, but changes in those activities do not correlate with adenosine level in the cell media during accelerated ATP catabolism, implying a rate-limiting role of nucleoside carriers in adenosine outflow from the cell. Moreover, the presented data highlight significant differences in adenosine metabolism between human T and B lymphocytes subjected to various insulin and glucose concentrations.
